This paper describes formation of 2-D-hexagonal structures with a periodicity $ 0.5-0.8 lm in the defects of thin films of cholesteric oligomeric liquid crystals prepared by the evaporation of the solvent from the oligomer solution on the substrate. These regular arrays were observed by scanning near-field optical and concurrent atomic force microscopy. The mechanisms considered are both Be´nard-Marangoni and buoyancy convections induced by solvent evaporation and air-bubble creation around the condensed water droplets from the air during evaporative cooling. Hexagonal structures prepared by this method can be used in photonic devices for emission enhancement, for instance, in liquid crystal lasers and single photon sources with oligomeric liquid crystal hosts.
INTRODUCTION
Fabrication of highly ordered, light-wavelength-scale structures for light manipulation and control is one of the primary tasks of nanoscience applications in photonics. Planar-aligned cholesteric liquid crystals (CLCs) widely used in display technology and laser photonics are well-known for their 1-D photonic bandgaps. Here we report on 2-D-self-assembly into hexagonal patterns by thin-film defects of Wacker-cyclic-tetrasiloxane CLC oligomer [1] . This selfassembly is recorded with subwavelength resolution simultaneously by a near-field optical and an atomic-force microscope (AFM). Created in this manner, 2-D photonic crystal material doped with appropriate dye can be used for fluorescence control in photonic devices, for instance, oligomeric LC lasers [2] , and efficient single photon sources for quantum information and communication, using oligomeric LC hosts [3] [4] [5] .
The structure of this paper is as follows. Section 2 describes oligomeric CLC film preparation. Conventional optical polarizing microscopy (wide-field) images of defects in these films are presented. Section 3 describes the experimental results on the scanning near-field optical microscopy and the AFM imaging of the defects in Wacker oligomeric CLCs showing the hexagonally ordered arrays. Possible mechanisms of the self-assembly are discussed in Section 4. Section 5 concludes the paper.
PREPARATION OF OLIGOMERIC CLC FILMS
For our experiments, we used liquid crystal cyclic-tetrasiloxane LC-4627 with maximum selective reflection wavelength k o ¼ 2.2 mm. It was received from Consortium fü r Elektrochemische Industrie, Munich, Germany, a subsidiary of Wacker Chemie. The oligomer powder was dissolved either in chlorobenzene or in methylene chloride with approximately 8.4-15.6% concentration of Wacker oligomer by weight. Lower concentration of oligomer with lower solution viscosity did not provide film self-assembly reported in present paper. We prepared oligomer thin films on clean Corning cover glass slips (25 mm Â 25 mm, 170 mm thickness) by holding the slip at close to 90 angle and dripping the oligomer solution on to it. The solvent evaporated very quickly under the air flow of a fume hood. Figure 1 shows representative optical-polarizing-microscope images of three samples prepared from solutions with different concentrations of the oligomer. 4Â -10Â-magnification images (top set) reveal the appearance of domain structure where each cell is surrounded 16=[418] S. G. Lukishova and A. W. Schmid by boundaries. The widths of the domains are approximately 50-100 mm. Their shapes vary from circles and ovals to long stripes with near 1-mm-lengths. Similar cell domains have been observed in Ref. [6] in the process of evaporation of solvent in which both nematic and polymer were dissolved. The bottom set of images in Figure 1 shows the film defects with 40Â magnification of the objective. Even conventional optical microscopy reveals a regular, self-organized patterning.
To define the thickness of the film, an AFM of a razor-blade-cut of the sample of Figure 1 , top-center was made. This film was prepared from a solution with the lowest oligomer concentration ( $ 8.4% weight concentration) and showed a thickness of 65 nm in an area free of defects.
NEAR-FIELD OPTICAL MICROSCOPY AND AFM OF THE DEFECTS IN FILMS OF WACKER CLC OLIGOMERS
A cantilever SNOM (WiTec alpha-SNOM) in ''tapping'' mode with $100-nm tip aperture enables both near-field optical microscopy and Near-Field Microscopy of Defects in CLC Oligomers 17= [419] simultaneous topographic imaging [7] . All images were taken of the sample of Figure 1 , top-center. Figure 2 , left shows the scanning near-field optical microscopy images (left) and AFM images (right) of hexagonal ordering in defects of the oligomer layer. The bottom images (both nearfield microscopy and AFM) were taken simultaneously during the scan.
Another set of images of a different area with hexagonal ordering (Fig. 3) represents the AFM image (left) and near-field images of this area for two different polarizations. Figure 4 shows one more set of the near-field images: the whole defect with 50 mm Â 50 mm scanning area -left, and its parts with 10 mm Â 10 mm (center) and 5 mm Â 5 mm (right) area scans. 
MECHANISMS OF FORMATION OF THE CELLULAR DOMAINS AND REGULAR HEXAGONAL ARRAYS IN FILM DEFECTS
In fluid mechanics, pattern formation during evaporation is a common phenomenon and the existence of cellular structures was recognized to be linked to surface tension and buoyancy, see, for instance, Ref. [8] .
Convective movements originating from surface-tension gradients are known as Bénard-Marangoni convection. Both Bénard-Marangoni and buoyancy convections depend on the fact that solvent evaporation cools the liquid surface thereby increasing the surface tension as well as the density and leading to a stratification of the mixture [6, 8] . Convection-induced regular patterning of PMMA and polystyrene has been obtained with the periodicity $ 3-10 mm [9, 10] . Regarding our experiments, we believe, that $ 50-100-mm cellular domains may be the result of a convective motion. The movement of liquid solution along the close to the 90 angle substrate may influence the shape of these convective-motion cells.
Although hexagonal array formation in the fluids have been reported for a pure evaporative convection [8] , explaining such arrays in our experiments, we suggest another mechanism which has been detailed in Ref. [11] . Cooling by the evaporating solvent leads ambient moisture to condense on the hydrophobic mixture. Water droplets segregate and entrap into these self-assembling, hexagonally-ordered patterns [11, 12] , that, because of convection movement and flow movement by the liquid crystal medium along one direction, gets confined within cellular domains oriented parallel to the flow direction. Within minutes, the system returns to equilibrium with the water evaporated from the cavities leaving the air bubbles on the film surface (see, e.g., Fig. 4 , center and right).
CONCLUSION
This paper presents the first results on 2-D hexagonal ordering in oligomeric CLC films during the solvent evaporation from the substrate in a specific range of oligomer concentrations. Both near-field optical microscopy and AFM showed the existence of such ordering with a periodicity of $ 0.5-0.8 mm. Combined action of convection and water droplet condensation during the evaporative cooling are the suggested mechanisms of the observed hexagonal patterns.
Our results are very promising for the fabrication of 2-D and 3-D phonic crystals for visible and near-IR spectral regions by this relatively simple method (see, for instance, Ref. [11] ), but for obtaining the reproducible results with desired parameters, additional experiments need to be done.
